Field emission of single crystal silicon nanowires of 100 nm in diameter grown at 480°C from silane using Au as catalyst has been investigated. An emission current density of 1 mA/ cm 2 over a 0.2 cm 2 area was obtained at an electric field of 3.4 V / m with a turn-on field of 2 V / m at 0.01 mA/ cm 2 . The annealing of the as-grown samples at 550°C in vacuum has drastically improved the field emission performance. The low growth and annealing temperatures make the process applicable to glass substrates.
Field emission of single crystal silicon nanowires of 100 nm in diameter grown at 480°C from silane using Au as catalyst has been investigated. An emission current density of 1 mA/ cm 2 over a 0.2 cm 2 area was obtained at an electric field of 3.4 V / m with a turn-on field of 2 V / m at 0.01 mA/ cm 2 . The annealing of the as-grown samples at 550°C in vacuum has drastically improved the field emission performance. The low growth and annealing temperatures make the process applicable to glass substrates. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2206151͔
Field emission is of great interest in vacuum microelectronic devices, such as field emission displays, microwave devices, x-ray sources, etc.
1,2 One-dimensional ͑1D͒ structures such as nanotubes, nanobelts, nanorods, and nanowires are ideal candidates for achieving high field emission current density at a low electric field because of their high local electric field enhancement by the high aspect ratio. [3] [4] [5] [6] [7] Among various 1D nanostructured materials, carbon nanotubes have attracted extensive efforts. 2, 3, 6, 7 However, field emission from other materials, including Si, ZnO, SiC, CuO, and WO 3 , is also interesting and being explored. [8] [9] [10] Si nanowires exhibit a unique sp 3 -bonded crystal structure and a low work function ͑3.6 eV͒. 8 Meanwhile Si has been the backbone of the microelectronics industry for decades and it would be desirable to have Si field emitters to be integrated onto Si substrates along with the driving circuitry. Recently Si nanowires have been synthesized by several methods, and field emission from various Si nanostructures such as Si nanowires paste, 8 boron-containing Si nanochains, 11 tetrapodlike Si nanowires, 12 Cs-coated Si nanowires, 13 Si nanotubes, 14 and aligned Si nanotube arrays 15 has been reported. Among the reported field emission results on Sirelated nanostructures, the lowest electric field, to obtain an emission current density of 1 mA/ cm 2 that is the minimum to produce the luminance of 300 cd/ m 2 for video graphics array ͑VGA͒ field emission displays with a typical highvoltage phosphor screen efficacy of 9.l m / W, is of 6.5 V / m. In this letter, we report an electric field as low as 3.4 V / m at 1 mA/ cm 2 for Si nanowires grown on Si substrates, which is comparable with that of carbon nanotubes. 6 The Si nanowires were synthesized using Au as catalyst at a temperature of 480°C from silane by a chemical vapor deposition method.
The Si nanowires were grown on Si substrates ͑boron-doped p type, resistance of 0.001 ⍀ cm, ͓111͔ orientation, Recticon Enterprises, Inc.͒ by chemical vapor deposition in a two-step process. First, the Si wafers were cut into 10 ϫ 10 mm 2 and soaked in a 5% hydrofluoric acid water solution for 5 min to remove the native SiO 2 layer, followed by cleaning in alcohol by ultrasonication, then Au as catalyst was deposited onto the Si wafers by immersing the Si wafers into alcohol solution of hydrogen gold tetrachloride ͑HAuCl 4 ·3H 2 O, Aldrich͒. Second, the Au-coated Si wafers were loaded into the growth zone of the 2 in. diameter quartz tube of a tube furnace for the growth of Si nanowires. After the Si wafers were loaded, the furnace was pumped down to about 1 mTorr by a rotary pump, followed by heating up to 480°C within 20 min with flowing H 2 gas ͓40 SCCM ͑SCCM denote cubic centimeter per minute at STP͔͒ and Ar gas ͑100 SCCM͒. As soon as the temperature reaches 480°C, a 40 SCCM helium-diluted silane gas ͑10%͒ was introduced into the furnace to build up a pressure to start Si nanowire growth. During growth, the pressure was maina͒ Authors to whom correspondence should be addressed. tained in the range of 590-610 Torr. The typical growth lasts 30 min. After growth, the samples were analyzed with a scanning electron microscope ͑SEM͒ and a high-resolution transmission electron microscope ͑HRTEM͒. The field emission properties were measured inside a vacuum chamber of about 1 ϫ 10 −6 Torr. Figure 1 shows the SEM images of the as-grown Si nanowires in different magnifications. The low magnification image in Fig. 1͑a͒ shows that the nanowires are very long ͑at least 100 m, but the exact length was not determined since it was difficult to find ends͒ and fairly uniform across the whole sample surface. The medium magnification image in Fig. 1͑b͒ shows that the diameter is also fairly uniform, and the high magnification image in Fig. 1͑c͒ shows that the diameter is of about 100 nm. Figure 2 shows the TEM images of a typical as-grown Si nanowire. Figure 2͑a͒ clearly shows that the nanowire has a core and shell structure. The core is about 45 nm in diameter ͓Fig. 2͑a͔͒ and highly crystallized single crystal ͓ Fig. 2͑b͔͒ with a twin boundary right in the middle ͓Fig. 2͑a͔͒. The shell is about 30 nm thick ͓Fig. 2͑a͔͒ and is amorphous ͓Fig. 2͑c͔͒. The amorphous shell is mainly Si ͑97%͒ with a very small amount of oxygen ͑3%͒ evidenced by the strong Si peak and weak oxygen peak in the energy dispursive spectroscopy ͑EDS͒ spectrum shown in Fig. 2͑d͒ .
The field emission properties were measured using a simple planar diode configuration. The anode was a molybdenum disk with a diameter of 5 mm, and the gap between the sample surface and the anode was 265 m. The vacuum level was kept at about 1 ϫ 10 −6 Torr during the measurements. After a few initiating cycles of applying voltage across the gap, the emission seemed to reach a stable stage. The measured current density as a function of the macroscopic electric field is shown in Fig. 3 . A turn-on electric field of 5.5 V / m was obtained at an emission current den- sity of 0.01 mA/ cm 2 for the as-grown Si nanowires, and the highest saturated current density obtained was only 0.03 mA/ cm 2 ͓Fig. 3͑b͔͒, due to probably the weak mechanical and electrical contact with the Si wafer. To improve the contact, the same sample was annealed in vacuum at 550°C for 24 h and measured again. Figure 3͑b͒ shows that the turn-on voltage was drastically reduced to 2.0 V / m and an emission current density of 1 mA/ cm 2 was obtained at 3.4 V / m, which are comparable to those of carbon nanotubes. 2, 6 The Fowler-Nordheim plot for the measured samples is shown in Fig. 3͑c͒ . It is clearly shown that the measured data fit well to the linear relationship, 16 which confirmed the measured current is truly from field emission. The annealing may not only have improved the electrical contact for a much decreased contact resistance to achieve high current density 17 but also increased the mechanical bonding between the Si nanowires and substrate to prevent pullout of nanowires off the substrate. A preliminary high-resolution TEM study of the samples after annealing did not reveal any noticeable structural change, but cannot rule out a minor change that causes electrical property change leading to better field emission property. However, whether the amorphous Si layer plays any role in field emission property is not clear at the moment, nor the effect of the twin boundary. As the continuation, we are in the process of studying the samples after oxidizing the amorphous Si into amorphous SiO 2 and then after completely removal, which will be reported when it is completed. It is worthy to point out that the amorphous layer may be very useful for stability since it protects the core if it does not affect the emission current density negatively. In any case, such good field emission properties may revitalize the field of using Si as good field emitters.
In summary, we have established a low temperature ͑480°C͒ chemical vapor deposition growth procedure to obtain Si nanowires on Si substrates. Such samples, after annealing at 550°C in vacuum for 24 h, have shown the best ever reported field emission properties: 3.4 V / m for 1 mA/cm 2 , comparable with those of carbon nanotubes. The low growth and annealing temperatures make the process applicable to glass substrates that are used as the backing of large area flat panel displays.
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